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The Rel Protein DIF Mediates
the Antifungal but Not the Antibacterial
Host Defense in Drosophila
activation. In mammals, NF-kB consists of homo- or
heterodimers of distinct members of the Rel family of
transcription factors (Ghosh et al., 1998). NF-kB is cen-
tral to many vertebrate immune responses, whether in-
nate or adaptive (Pahl, 1999). It is sequestered in the
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cytoplasm by binding to the I-kB inhibitor. In response15, rue ReneÂ Descartes
to a variety of stimuli, which include activation of someF67084 Strasbourg Cedex
of the TLRs, I-kB is degraded by the proteasome. As aFrance
result, NF-kB translocates into the nucleus to activate
its target genes (Ghosh et al., 1998).
The search for mammalian TLRs was inspired by theSummary
discovery that in the Drosophila immune response, Toll
mediates the antifungal defense (Lemaitre et al., 1996).We have isolated two Drosophila lines that carry point
This result was somewhat unexpected, since membersmutations in the gene coding for the NF-kB-like factor
of the Toll-signaling pathway had originally been iso-DIF. Like mutants of the Toll pathway, Dif mutant flies
lated on the basis of a specific developmental pheno-are susceptible to fungal but not to bacterial infec-
type: these maternal effect genes are required to estab-tions. Genetic epistasis experiments demonstrate that
lish the dorsoventral axis of the early Drosophila embryoDif mediates the Toll-dependent control of the induc-
(reviewed in Govind, 1999). Indeed, Toll controls theibility of the antifungal peptide gene Drosomycin. Strik-
nuclear uptake of the Drosophila Rel transcription factoringly, DIF alone is required for the antifungal response
Dorsal (dl) (Roth et al., 1989), a morphogen, in responsein adults, but is redundant in larvae with Dorsal, an-
to its spatially restricted activation by the putative Tollother Rel family member. In Drosophila, Dif appears
ligand SpaÈ tzle (spz). Much of the intracellular transduc-to be dedicated to the antifungal defense elicited by
tion cascade that regulates the nuclear translocation offungi and gram-positive bacteria. We discuss in this
Rel proteins appears to have been conserved through-light the possibility that NF-kB1/p50 might be required
out evolution (Imler and Hoffmann, 2000).more specifically in the innate immune response
In insects, the humoral host defense is mediated partlyagainst gram-positive bacteria in mammals.
by small cationic antimicrobial peptides that are synthe-
sized in the fat body (a functional equivalent of the liver)Introduction
in response to a systemic infection (Bulet et al., 1999).
To date, seven distinct antimicrobial peptides (plus iso-Innate immunity has become the focus of intense scru-
forms) have been identified in Drosophila: Diptericin,tiny in the past decade (Janeway, 1989; Hoffmann et al.,
Drosocin, Cecropin, Defensin, Attacin, Metchnikowin,
1999). It is now well documented that it triggers and
and Drosomycin. The two latter peptides are the preva-
orients the subsequent adaptive response via an array
lent antifungal peptides, whereas the other peptides are
of cytokines and costimulatory molecules (Fearon and mainly active on bacteria. In loss-of-function mutants
Locksley, 1996; Medzhitov and Janeway, 1998). In con- that affect genes of the Toll immunity signaling cassette,
trast to adaptive immunity, where the recognition mole- namely, spz, Toll (Tl), tube (tub), and pelle (pll) (with the
cules are generated by somatic rearrangement of gene exception of cactus [cact], a Drosophila homolog of the
fragments, the receptors of infectious nonself of the I-kB inhibitor), the inducibility of Drosomycin in immune-
innate immune response are germline encoded. They challenged adults is severely decreased, whereas those
are postulated to recognize primarily invariant and con- of Defensin, Cecropin, and Attacin are reduced to a
served structural patterns carried by microorganisms, lesser extent. In contrast, the expressions of Diptericin,
e.g., lipopolysaccharides (LPS) or peptidoglycans (PGN). Drosocin, and Metchnikowin are unaffected (Lemaitre
The recent discovery that mammals express several et al., 1996; Levashina et al., 1998). Interestingly, in the
genes encoding transmembrane proteins homologous Tl10B gain-of-function mutants, in which a constitutively
to the Drosophila Toll receptor (Toll-like receptors or active form of Toll is produced, or in cact loss-of-func-
TLRs) has generated major interest, as these proteins tion mutants, the Drosomycin and, to a lesser extent,
appeared to serve as receptors or coreceptors of innate Metchnikowin genes are constitutively transcribed.
immunity (Medzhitov et al., 1997; Rock et al., 1998). Thus, the Tl cassette is both necessary and sufficient
Indeed, knockout and mutant studies in mice have re- to control the inducibility of Drosomycin. It is likely that
vealed that TLR2 mediates the recognition of PGN, the decreased expression of the antimicrobial peptides
whereas TLR4 is primarily involved in LPS recognition contributes to the susceptibility to fungal but not bacte-
(Poltorak et al., 1998; Takeuchi et al., 1999; Underhill rial infections that has been observed in mutants of the
et al., 1999). The downstream intracellular transduction Tl signaling cassette.
cascades initiated by these receptors result in NF-kB The immune deficiency (imd) phenotype is in many
aspects complementary to that of Tl. First, imd flies
are susceptible to bacterial but not to fungal infections* To whom correspondence should be addressed (e-mail: d.ferrandon@
(Lemaitre et al., 1995a, 1996). Second, Drosomycin in-ibmc.u-strasbg.fr).
² These authors contributed equally to this work. ducibility is unaffected in these mutants, whereas that
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Figure 1. The Dif Mutations Affect the DNA Binding Domain of DIF
(A) Alignment of two b strands of the N-terminal Ig-like domain of the RHD. The conserved residues affected by the mutations are shown in
blue, the mutated residue in red, and a noncanonical proline in strand bG of human RelA in green. This proline residue contributes to a certain
rigidity of this strand and thus may maintain the orientation of the arginine that binds specifically DNA in the linker loop at the end of the bG
strand (see below). The closed circle corresponds to a residue that contacts directly a nucleotide in the Gambif structure, whereas residues
that contact the DNA backbone are indicated by open circles. Accession numbers of the Rel sequences are as follows: L29015, M23702,
X95912.1, U62005, M62399, M61909, D13721, M60785, M55643, M57999, M86930, S76638, U00111, AF064258, M83221, M83380, D63332,
X75042, X15842, X52193, K02455, K00555, Z49252, AAC18087, U43341, U08015, L41066, L41067, AAD38360.
(B) Ribbon model of the DIF RHD. The structure of the N-terminal Ig-like domain has been modeled using the Gambif constraints derived
from its crystallographic structure (Cramer et al., 1999). Since the C-terminal Ig-like domain structure of Gambif could not be determined, we
used the structure of human NF-kB2 (p52) as a template. The left-hand monomer is the mirror image of the right-hand monomer. The DNA
helix in the middle is represented using a stick model. Glycine 181 is drawn in yellow, whereas the rest of the bE9 strand remains red. Serine
245 is drawn also in yellow, whereas the F and G strands that form a b sheet are represented in blue.
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of the other antimicrobial genes is impaired. Additional have screened these lines with a Drosomycin-green flu-
orescent protein (GFP) reporter transgene (Ferrandongenes that are required for full Diptericin inducibility
have been isolated through large-scale mutagenesis et al., 1998) and have isolated two lines in which the
immune inducibility of the reporter was strongly affectedscreens on the second (D. F. et al., unpublished data)
and the third chromosome (Wu and Anderson, 1998). in adults. The mutations induced in these lines did not
complement the small Df(2R)TW119 deficiency (hereaf-Thus, at least two pathways control the inducibility of
antimicrobial peptide genes in adults. ter referred to as TW119) that removes the Drosophila
Rel family members Dif and dl, plus several other genesThe Drosophila immune response shows some de-
gree of adaptation to the nature of the invading microor- (Manfruelli et al., 1999). Furthermore, these two muta-
tions were found to be allelic to each other. The dl geneganisms (Lemaitre et al., 1997). For instance, Diptericin,
which is thought to be active against gram-negative does not appear to be affected in the two mutant lines,
since homozygous mutant females are not sterile andbacteria, is induced to higher levels by gram-negative
than by gram-positive bacteria. In contrast, flies submit- since the two mutations complement the dorsalization
phenotype characteristic of dl females (data not shown).ted to an infection by spores of the entomopathogenic
fungus Beauveria bassiana (in the absence of injury) We have speculated that the mutations could affect the
Dif gene and have sequenced this gene in the two mu-transcribe only the Drosomycin and the Metchnikowin
(to a lesser level) genes. This latter response is abro- tant lines; indeed, we have discovered point mutations
in the coding region in both mutants. To ascertain thatgated in Tl mutants. Thus, the flies are able to identify
fungal infections and to trigger appropriately the Tl path- these mutations were not simply sequence polymor-
phisms, we sequenced in parallel the Dif gene in the cnway to mount an antifungal response.
As discussed above, the Tl pathway controls the nu- bw chromosome that was used for our mutagenesis
(see below). In one of the mutant lines, Dif1, guanineclear uptake of the Rel protein Dorsal during embryogen-
esis and also during the larval immune response (Roth 1104 of wild-type was mutated to an adenine, which
results in a change of glycine 181 to aspartic acid. Inet al., 1989; Lemaitre et al., 1995b; Wu and Anderson,
1998). Yet, the previously described antimicrobial pep- the second line, Dif2, the cytosine at position 1296 was
changed to a thymidine, leading to the replacement oftide genes are expressed at wild-type levels in a dl back-
ground (Lemaitre et al., 1995b, 1996). The constitutive serine 245 by phenylalanine. The positions of these
changes are presented in Figures 1B and 1C. The ex-expression of Drosomycin in cact mutants indicates that
a Rel protein other than Dorsal is retained by Cactus in pected consequences on the activity of DIF will be out-
lined below (see Discussion). Remarkably, both glycinethe cytoplasm. Interestingly, the Dorsal-related immu-
nity factor (DIF) shows strong homology to Dorsal in the 181 and serine 245, which are located within the RHD,
are conserved throughout the evolution of all Rel pro-Rel homology domain (RHD) (Ip et al., 1993). DIF has
been shown to interact with Cactus, both in vitro and teins (Figure 1A). Except for the mutations, the Dif1 and
Dif2 sequences were totally identical to the cn bw controlin vivo, and is thus a good candidate for a transcription
factor that could mediate the antifungal host defense sequence. As compared to the published sequence (Ip
et al., 1993), we found the following changes in the cn(Lehming et al., 1995; Tatei and Levine, 1995; Stein et
al., 1998; Wu and Anderson, 1998). Indeed, Meng et al. bw sequences, which probably correspond to sequence
polymorphisms since no changes are detected at the(1999) and Manfruelli et al. (1999) have recently shown
that Dif in the adult or Dif and dl in the larva are required amino acid level: nucleotides 721, 742, and 1778: A to
G; 943 and 1093: T to C; 1646 and 2458: C to T; 1915:for the Toll-dependent expression of Drosomycin. A
third Rel protein (Dushay et al., 1996), Relish, contains G to A; and 2568: A to C.
As stated above, the TW119 deficiency, which com-both an RHD and ankyrin repeats that mediate the inter-
action of I-kB proteins with Rel transcription factors. plements neither Dif1 nor Dif2, removes several additional
genes. To demonstrate that the Dif1 mutation affectsThis gene may thus code for its own inhibitor. Relish
plays a major role in the control of antimicrobial peptide exclusively Dif, we generated flies hemizygous for Dif1
that also carry a Dif transgene under the regulation ofgene expression and it is presently not clear whether
Relish is regulated by the Tl pathway (Hedengren et al., the promoter of the tubulin-a1 gene (Meng et al., 1999).
As a control, we used flies heterozygous for Dif1 and a1999). Here, we have generated two point mutations in
the Dif gene and demonstrate that DIF mediates the Tl- deficiency known as J4, which removes only three
genes, namely, Dif, dl, and the C1 gene (Meng et al.,dependent antifungal response in adult Drosophila.
1999). In these flies, the inducibility of Drosomycin 48
hr after immune challenge was severely reduced. In con-Results
trast, hemizygous Dif1/J4 flies that carry the tubulin-Dif
fusion transgene expressed Drosomycin at almost wild-Isolation of Two Dif Mutant Lines with Reduced
Inducibility of the Drosomycin Gene type levels under similar conditions (Figure 1D). These
data indicate that the mutations which we have isolatedWe have generated some 27,000 lines carrying EMS-
induced mutations on the second chromosome. We correspond to bona fide mutations in the Dif gene. In
(C) Enlargement of the N-terminal domain of the DIF's RHD.
(D) Rescue of the Dif phenotype by a tubulin-Dif transgene. The Northern blot has been hybridized successively to a Drosomycin and to an
RP49 probe. The genotypes are shown on top and the period of incubation after immune challenge is indicated on the bottom. The J4
deficiency removes both Dif and dl. tub-Dif: transgene in which Dif is under the control of a tubulin promoter (Meng et al., 1999).
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these, Drosomycin, has strong antifungal activities and
reaches remarkably high concentrations in the hemo-
lymph following an immune challenge (Hoffmann and
Reichhart, 1997). It has been appreciated recently that
some antibacterial peptides, i.e., Metchnikowin, Defen-
sin, and Cecropin, also display antifungal activities
against certain strains (P. Bulet, personal communica-
tion; Levashina et al., 1995; Ekengren and Hultmark,
1999; Lowenberger et al., 1999). We were interested to
test whether the increased susceptibility of Dif mutants
to fungal infections was correlated to a decreased level
of induction of the antifungal peptides. We wish to point
out here that in our conditions, the antimicrobial pep-
tides are not all induced with similar kinetics in adult
Drosophila (Lemaitre et al., 1997). Whereas the Ce-
cropin, Attacin, and Defensin genes are rapid reactants,
with highest levels of expression 6±12 hr after challenge,
Figure 2. Dif Mutant Flies Are Sensitive to Fungal Infections the Drosomycin gene is a relatively slow reactant and
Two- to four day-old flies were injured with a thin tungsten needle reaches maximum expression only after 48±72 hr as
previously dipped into a concentrated solution containing 2 3 108/
judged by quantitative Northern blot analysis. Diptericin,ml B. bassiana spores. Batches of about 25 flies were kept in vials
Metchnikowin, and Drosocin display somewhat interme-at 298C and were counted every day, except for the period between
diate patterns of induction (Figure 3A). These differencesday 2 and day 4, when they were counted every 12 hr. Survival rates
are expressed in percent of flies still alive 3 hr after injury. Two- have led us to examine the effects of the Dif mutations on
hundred flies were tested for each strain, except for Dif/TW119 (50), antimicrobial gene expression 6 and 48 hr after infection.
imd (50), and spz (25). Similar results have been obtained with Dif1/ Given that the levels of induction are somewhat variable
Dif2 flies. Control flies were injured with a needle dipped into a 50% between different experiments, we have presented inglycerol solution; survival rates 3 days after wounding were between
Figure 3B the results obtained in several independent75% and 100%. Survival experiments using natural infections with
series in which homozygous or hemizygous Dif1 mutantsB. bassiana spores yielded similar results (data not shown).
or cn bw flies (controls for the genetic background) were
challenged with a mixture of bacteria.the following sections, we present a detailed analysis
The most striking result of these experiments is thatof the Dif1 mutant phenotype. Dif1 flies are fully viable in
in Dif1 mutants the level of inducibility of Drosomycin iscontrast to Dif2 mutants, which probably carry a second-
severely reduced (on average by 75% in homozygoussite semilethal mutation.
flies and by 85% in hemizygous flies as compared to
wild type). Defensin induction is also affected, althoughDif1 Mutant Flies Are Sensitive to Fungal Infection
to a lesser extent, whereas the other antimicrobial pep-
A genetic analysis had previously shown that in adult
tides are induced in Dif1 mutants as in wild-type flies
Drosophila, Tl pathway mutants are sensitive to fungal
(Figure 3).
infections, indicating that this pathway controls the anti-
Interestingly, in the case of Cecropin, we observed a
fungal response (Lemaitre et al., 1996). Strikingly, dl conspicuous difference between homozygous (or trans-
mutants are not sensitive to fungal infections, sug- heterozygous Dif1/Dif2) flies and hemizygous flies for
gesting that another Rel protein is involved in this host both alleles. The removal of both Dif and dl in the TW119
response. To test whether Dif could fulfill this role, we deficiency in a Dif1 background (where one wild-type
submitted Dif1 mutant flies to an infection with the ento- copy of dl is left), in contrast to a Dif1/Dif1 background
mopathogenic fungus B. bassiana. As illustrated in Fig- (two copies of wild-type dl), significantly reduces the
ure 2, the mutant flies are significantly more sensitive inducibility of Cecropin. This suggests either that the
to fungal infection than wild-type (or imd) flies: indeed, Dif mutations are very weak for Cecropin gene inducibil-
2.5 days after infection, most Dif mutant flies have died ity or that the remaining wild-type copy of dl in this
off (as is the case for spz mutants), whereas 90% of the background is not sufficient for full Cecropin induction.
wild-type flies are still alive (see also legend for Figure A less extensive analysis with the Dif2 allele and with
2). The survival curves are similar for homozygous and transheterozygous flies yielded essentially similar re-
hemizygous Dif/TW119 flies (Figure 2), providing thereby sults (data not shown).
the genetic demonstration that Dif1 is a very strong, if The results presented so far in this section used mix-
not a null, mutation. In contrast to the sensitivity to fungal tures of gram-positive and gram-negative bacteria for
infections, Dif1 mutants display a resistance to bacterial induction of an antimicrobial response. However, a pre-
infections (whether gram-positive, gram-negative, or vious study from this laboratory had shown that various
mixtures) similar to that of wild-type flies (data not microorganisms can have different effects on the levels
shown). of induction of distinct antimicrobial peptides (Lemaitre
et al., 1997). We have therefore submitted in parallel
Drosomycin and Defensin Inductions Are Decreased wild-type cn bw flies and Dif1 mutant flies to an immune
in Dif Mutants challenge with either the gram-negative E. coli, the
As stated in the Introduction, an immune challenge in- gram-positive Micrococcus luteus, the mixture of both
duces the expression of the genes encoding seven dis- bacteria, or the fungus B. bassiana (Figure 4). Control
flies were subjected to wounding by a needle in thetinct antimicrobial peptides (plus isoforms). One of
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absence of microbial inducers. A representative experi- increased in flies by immune challenge, and dl function is
required for this increase (Lemaitre et al., 1995b). Here,ment of this series is shown in Figure 4A. In keeping
with the previous report, we observed that Drosomycin we have investigated at the protein level the upregula-
tion of Dif expression after immune challenge. As shownwas most strongly induced by B. bassiana and by M.
luteus. When in some experiments E. coli induced a low by Western blot analysis (Figure 6), the amount of DIF
protein increased in adults following a microbial infec-expression of Drosomycin, it appeared to be short-lived
in contrast to the expression induced by M. luteus and tion, and this upregulation was not significantly altered
in Dif1 mutants, indicating that the Dif gene is not strictlyB. bassiana. In partial agreement with the data of Meng
et al. (1999), we find that in Dif1, Drosomycin, and Defen- required for the increased expression of its protein prod-
uct. A possible explanation for this result is that thesin are induced by E. coli, respectively, at 43% and 41%
of their wild-type levels. Strikingly, M. luteus and B. challenge-induced upregulation of DIF requires the Dor-
sal protein or a combination of Dorsal and DIF.bassiana failed to induce significant expression of Dro-
somycin in Dif1 mutants (Figure 4B). These results indi-
cate that the Dif1 mutation is a strong mutation. In con- In Contrast to Adults, Larvae Express the Drosomycin
trast, the mixture of E. coli and M. luteus reproducibly Gene in a Dif1 Background
induced 20%±30% of wild-type Drosomycin expression The data presented above have been obtained with
in Dif1 mutants (Figure 4B; see also Figure 3B). Contrary adult Drosophila. We have extended our analysis to the
to Drosomycin, Diptericin was more strongly induced third larval instar. As shown on Figure 7, Drosomycin
by E. coli or the mixture than by M. luteus or B. bassiana inducibility was not significantly affected in Dif1 larvae.
spores, and the level of induction was not affected in a Furthermore, a Drosomycin-GFP reporter transgene
Dif1 background (Figure 4C). was expressed in the Tl10B-Dif1/Dif1 mutant larvae, al-
though the level of induction was somewhat lower than
in wild type (Figure 5B). Even though the results wereDif Mediates the Tl Pathway-Dependent Activation
somewhat variable from experiment to experiment, itof Drosomycin Expression
appeared that on average the expression of antimicro-As described earlier, the levels of induction of the Droso-
bial peptides in larvae was not significantly affected bymycin gene by immune challenge are severely reduced
the Dif1 mutation.in Tl loss-of-function mutants. In the Tl10B gain-of-func-
tion allele or in cact loss-of-function alleles, Drosomycin
is constitutively expressed in the absence of infection Discussion
(Lemaitre et al., 1996) and DIF is constitutively nuclear
(Ip et al., 1993; Wu and Anderson, 1998). To demonstrate Transcription factors of the Rel family have long been
that the effect of Tl and cact on Drosomycin expression suspected to play an important role in the control of the
is mediated through Dif, we performed genetic epistasis expression of insect antimicrobial peptides (EngstroÈ m
experiments. First, we analyzed Drosomycin expression et al., 1993; Kappler et al., 1993). To date, three members
levels in Dif-Tl10B double mutants. As expected, Droso- of this family have been reported in Drosophila, namely,
mycin was constitutively expressed in Dif1/1;Tl10B/1 het- Dorsal, DIF, and Relish. In this study, we have generated
erozygous flies. Significantly, this constitutive expres- two mutations in the gene encoding DIF and show that
sion was not observed in a Dif1/Dif1; Tl10B/1 homozygous this Rel protein plays a critical role in the control of the
background (Figure 5A), demonstrating that Toll regu- antifungal response in Drosophila.
lates Drosomycin expression through DIF. We also gen-
erated double mutants of Dif1 and cactD13, a null allele The Dif1 and Dif2 Mutations Are Strong Mutations
of cact. No constitutive expression of Drosomycin was that Are Likely to Disrupt the DNA Binding
observed in cactD13 Dif1/cactD13 TW119 adults and Droso- Properties of DIF
mycin expression could not be induced by immune- The Dif1 mutation is a strong mutation, since no signifi-
challenge (Figure 5C). This experiment demonstrates cant Drosomycin induction is observed in flies subjected
that the constitutive Drosomycin expression observed to a natural infection by the fungus B. bassiana in con-
in cact mutants is mediated through Dif. The single dose trast to wild-type flies, where this infection triggers a
of constitutively nuclear wild-type dorsal left in this strong and sustained expression of the antifungal gene.
background is not sufficient to drive Drosomycin ex- Similar results have been obtained upon injury with ei-
pression in the adult. In conclusion, the Tl pathway con- ther gram-positive bacteria or fungi (Figure 4). Further-
trols the expression of Drosomycin in adults through more, in response to a fungal or gram-positive bacterial
Dif. infection, Dif1 homozygous and hemizygous flies tran-
scribe the Drosomycin gene at the same low, residual
level and show similar survival curves to fungal infec-DIF Protein Upregulation after Immune Challenge
Is Not Dependent on Dif tions (S. R., unpublished data; Figure 2). These data
indicate that the Dif1 mutation is genetically close to aDif mRNA levels have been reported to be upregulated
by bacterial challenge in flies and this holds true for null mutation. It is likely that the Dif2 mutation is also a
strong mutation, since the induction of Drosomycin bymembers of the spz/Toll/cactus cassette (Dushay et al.,
1996; Lemaitre et al., 1996). In larvae, genetic evidence immune challenge and the survival to fungal infections
were similar in Dif1 and Dif2 homozygous, hemizygous,suggested that this upregulation is controlled at least
in part by the Tl pathway, since in Tl10B larvae Dif mRNA or transheterozygous Dif1/Dif2 flies.
The two mutations isolated in this study were inducedlevels are 5-fold higher than in unstimulated wild-type
larvae (Ip et al., 1993). dl expression was also found to be in the RHD. Rel proteins bind as dimers to DNA with an
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Figure 3. Inducibility of Antimicrobial Peptide Genes in Dif Mutants
RNA levels of antimicrobial genes of flies infected with a mixture of E. coli and M. luteus were assayed by quantitative Northern blot analysis.
All data have been normalized against the corresponding RP49 RNA levels and results are expressed in arbitrary units: 100 units corresponds
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unusually high affinity through the conserved RHD. The bond with the amide function of leucine 225 in the mod-
eled DIF structure. We favor the minimal hypothesis thatstructure of this domain has been determined by X-ray
the Dif2 mutation induces a strong local perturbation ofcrystallography in several NF-kB members over the last
the structure of the N-terminal Ig-like domain. Indeed,years (reviewed in Cramer and Muller, 1999). Its main
serine 245 is part of b strand G that connects b strandfeatures have been remarkably conserved throughout
F, in particular through its alcoholic function. It is likelyevolution. The dimer wraps around the DNA, giving the
that this contact stabilizes the orientation of loop L3,appearance of a butterfly to the complex. Each mono-
which is highly structured when bound to DNA. It usuallymer consists of two immunoglobulin (Ig)-like domains
makes a specific contact with a central DNA base, prob-connected by a short linker. The N-terminal Ig-like do-
ably through lysine 251 in DIF. As for Dif1, we expectmain consists of a nine-stranded b barrel and contains
the Dif2 mutation to affect DNA binding, although thea recognition loop (L1) that makes specific contacts with
overall stability of the protein might also be affected. Itthe DNA binding site. This domain also contacts the bind-
is therefore likely that both mutations prevent the recog-ing site through a second loop (L2) that clamps the DNA
nition of kB binding sites by DIF and that they do notat the central minor groove via basic residues. The C-ter-
impair protein±protein interactions with putative co-minal Ig-like domain consists of a seven-stranded b
factors.barrel, which contacts the DNA backbone through two
loops (L4 and L5) and mediates homo- or heterodimeri-
DIF Mediates the Tl Pathway-Regulated Antifungalzation of NF-kB subunits. Together with the nuclear lo-
Response of Adultscalization signal located right at the C-terminal end of
Two lines of evidence indicate that DIF plays a pivotalthe RHD, the C-terminal Ig-like domain also binds to the
role in the antifungal response in adult Drosophila. First,six ankyrin repeats of the I-kB inhibitor. Finally, a basic
Dif flies are more susceptible to fungal infections thanamino acid located in the linker (loop L3) that joins the
wild-type flies. Second, immune induction of Droso-N-terminal to the C-terminal Ig-like domains makes a
mycin, the predominant antifungal peptide gene of Dro-specific contact with a nucleotide of the DNA binding
sophila, is severely reduced, if not abolished in thosesite at position 6 2 (the dyad axis of symmetry passes
flies. Furthermore, Defensin induction is significantly de-usually through the nucleotide in position 0).
creased in Dif mutants. As regards Cecropin, Dif and dl
We have visualized the positions of the two mutations
appear to participate, at least partially, in the regulation
in the DIF structure by modeling a putative DIF based on
of its immune-induced expression (see below). Defensin
the crystallographic data from the mosquito Rel protein and Cecropin display some antifungal properties in ad-
Gambif (Cramer et al., 1999), which is 37% homologous dition to their antibacterial activities (P. Bulet, personal
to DIF over the RHD (Figure 1B). Glycine 181 is located communication; Ekengren and Hultmark, 1999; Lowen-
in the middle of b strand E9 on the inside of the N-ter- berger et al., 1999). Even though the decreased expres-
minal domain, close to the DNA clamping loop L2. This sion of antifungal peptides certainly contributes to sus-
glycine has been conserved in all RHDs known to date ceptibility to fungal infection, we do not exclude the
(Figure 1A) and presumably plays an important struc- possibility that Dif also activates other antifungal de-
tural role. Its replacement by a bulky, negatively charged fense mechanisms and, namely, cellular responses.
amino acid, in close vicinity to the DNA helix, certainly The Dif phenotype that we report in this study is strik-
perturbs the local structure and prevents loop L2 from ingly similar to that of mutants that affect the spz/Tl/
binding to DNA. Thus, we anticipate that the Dif1 muta- tub/pll/cact gene cassette (Lemaitre et al., 1996). The
tion severely affects the high-affinity DNA binding of epistatic relationship between Tl and Dif on one hand
DIF. The C-terminal dimerization domain of the RHD and cact and Dif on the other hand provides a clear
that contacts I-kBs is not affected by the mutation and demonstration that the control of Drosomycin inducibil-
nuclear import of the protein is not altered, as illustrated ity is mediated through Dif in response to activation of
by nuclear localization of DIF1 following an immune chal- the Tl pathway. Since fungal infections seem to have
lenge (A. J., unpublished data). similar lethal effects on Dif and spz mutants, we propose
The Dif2 mutation replaces a serine by a phenylalanine that Dif controls the various aspects of the Tl-mediated
residue. This serine is unlikely to be the target of a antifungal response in adult Drosophila.
kinase, since its alcoholic function is not accessible to As regards the induction of Cecropin, Dif and dorsal
solvents. The same holds true for serines at the same appear to be functionally redundant in adults. Indeed,
position in the other Rel structures that have been deter- immune induction of Cecropin is unaffected in Dif mu-
mined. It is buried on the inside of the protein where tants and is significantly reduced in Dif/TW119 hemizy-
gous flies. Since the Dif mutations are strong and arethe oxygen of the alcoholic function makes a hydrogen
to the levels reached in cn bw flies 6 hr after infection for all antimicrobial genes, except for Drosomycin (48 hr).
(A) Kinetic analysis of induction in cn bw flies (gray bars) and Dif1 flies (black bars). Time is given in hours (x axis). The data shown correspond
to one experiment. The 0 hr time point corresponds to unchallenged flies.
(B) Expression of the antimicrobial genes in Dif1/Dif1, Dif1/TW119 (hemizygous flies), or cn bw flies (wt). Each bar corresponds to the result
obtained in a distinct experiment. Stars correspond to actual zero values. Most experiments were performed in a DD1 background (wild type
and mutants), where the X chromosome carries a Drosomycin-GFP and a Diptericin-LacZ reporter gene. To check that this background was
not titrating a transcription factor, we also tested the Dif mutant line in the absence of DD1 (fourth bar).
The 50% Attacin induction observed in hemizygous flies may not be significant, as in a kinetics experiment we observed a 75% expression
2 and 3 hr after induction. Thus, the peak of Attacin expression appears to be shifted to earlier time points in the hemizygous flies. Also, the
same values are obtained in cn bw/TW119 control flies.
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Figure 4. Distinct Microorganisms Have Differential Effects on Antimicrobial Gene Inductions in Wild-Type and Dif1 Flies
(A) The same Northern blot has been hybridized sequentially to Drosomycin, Diptericin, and RP49 probes. The genotypes are indicated on
top whereas the time points and the inducers used for immune challenge are shown on the bottom. Abbreviations: uc, unchallenged flies;
c.i., clean injury; d, day; h, hour.
(B and C) Quantitative analysis of three experiments ([B], Drosomycin; [C], Diptericin). Each bar represents a distinct experiment. Note that
only two experiments have been performed with the mixture of E. coli and M. luteus (mix). Results obtained with cn bw flies are represented
by black bars, whereas those obtained with Dif1 flies are shown with gray bars.
Time points are in hours, except for the natural B. bassiana infections where flies have been monitored 2 and 4 days after infection.
likely to affect DNA binding of DIF rather than putative single dose of dl left in this genetic context is not suffi-
cient to mediate the contribution of the Tl pathway tointeractions with cofactors (see above), this effect can-
not be ascribed to a hypomorphic effect of the Dif muta- the regulation of Cecropin, and that this reduced but
significant expression is regulated via the imd pathwaytions on the Cecropin promoter. Rather, it is likely that
the removal of a copy of dl in TW119 combined with (Lemaitre et al., 1996). This inference in the case of
Cecropin is further substantiated by the following obser-the total lack of Dif is responsible for this phenotype in
the Dif hemizygous background. It thus appears that the vations for Drosomycin. In larvae, Manfruelli et al. (1999)
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Figure 5. Dif Mediates the Tl-Dependent Ex-
pression of Drosomycin
(A) Both males on this panel carry a gain-of-
function Tl10B gene. The left-hand fly is hetero-
zygous for Dif, whereas its sibling on the
right-hand side is homozygous for Dif. The
green color observed under epifluorescent il-
lumination is emitted by a transgenic GFP
that is expressed under the control of the
Drosomycin promoter.
(B) The larvae have the same genotypes as
in (A). The Dif heterozygous larva is on top.
(C) Northern blot analysis of the epistatic rela-
tionship between cact and Dif. The blot has
been successively hybridized with Droso-
mycin, Diptericin, and RP49 probes. Geno-
types are indicated on top (cactA2 is the
strongest viable allele of cact; cactD13 is a null).
Incubation times after immune challenge are
shown on the bottom.
have shown that Dif and dl are functionally redundant a mix of gram-positive and gram-negative bacteria. In-
deed, some 25% of wild-type levels of induction werein controlling the inducibility of Drosomycin. This induc-
ibility is not markedly affected in a Dif background (Fig- consistently observed in these conditions (Figure 3B). In
contrast, fungi or gram-positive bacteria failed to induceure 7) but is significantly reduced in Dif1 and Dif2 hemizy-
gous larvae where one wild-type copy of dl is left (A. J., any induction of Drosomycin in Dif1 mutants. The resid-
ual Drosomycin expression is abolished in Dif-kennyunpublished data).
In contrast to that of Defensin or Cecropin, the immune double mutants challenged with the mix (kenny is a mu-
tant that shows a phenotype similar to that of Relishinduction of Attacin does not depend on either Dif or dl
(this study; Meng et al., 1999), whereas it is strongly [S.R. et al., unpublished data]). We propose that the
low level of Drosomycin inducibility triggered by gram-decreased in spz, Tl, and pll mutants (Lemaitre et al.,
1996). These results suggest that a branch point in the negative bacteria is partially controlled by a Dif-indepen-
dent pathway, namely, the imd-kenny-Relish pathway.Tl pathway exists downstream of pll to regulate an unde-
fined transcription factor, possibly Relish, that controls This hypothesis is supported by the result that an infec-
tion with E. coli triggers a short-lived induction of Droso-the inducibility of Attacin in adults.
mycin, similar to that of fast reactants such as Cecropin
Drosomycin Can Be Modestly Induced
by Gram-Negative Septic Injury via a Tl
Pathway-Independent Mechanism
The Dif mutations generated in this study do not fully
abolish Drosomycin induction by immune challenge with
Figure 6. DIF Protein Upregulation Following Immune Challenge Is
Not Dependent on Dif
The Western blot of whole fly extracts has been probed with a DIF
specific antibody. Genotypes are indicated on top, and incubation
Figure 7. Antimicrobial Peptide Genes' Immune Inducibility Is Nottime after immune challenge is shown beneath the blot. In the figure,
Strongly Affected in Dif1 Larvaeªhsp70-Difº indicates a transgenic DIF protein overexpressed under
the control of a hsp70 promoter after a heat shock at 378C in unchal- Larval RNAs have been analyzed by Northern blot. The probes are
indicated on the right. Genotypes are indicated on top and incuba-lenged flies (Manfruelli et al., 1999). In the absence of a heat-shock,
levels of DIF similar to those of wild-type flies are observed (data tion times after immune challenge are written on the bottom. Note
that more RNA has been loaded in the wild-type 12 hr sample.not shown).
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and Attacin, that are predominantly controlled by imd- et al., 1998). In addition, they can provide protection
against TNFa-mediated apoptosis (Doi et al., 1999). Thekenny-Relish. Similar observations from this laboratory
have been reported in the case of the other genes of analysis of the respective roles of the five Rel proteins
is hampered by partial redundancies and by the com-the Toll-signaling cassette, where some 25% of wild-
type Drosomycin induction was observed after chal- plexities or lethality of the mutant phenotypes (reviewed
in Gerondakis et al., 1999). In particular, the identitylenge with the mix, whereas no induction was detected
when Tl mutants were coated with fungal spores (Lemai- of the Rel proteins that mediate the TLR2-dependent
response to peptidoglycans and the TLR4-dependenttre et al., 1996, 1997). Furthermore, the low level of Dro-
somycin expression observed in Tl pathway mutants response to LPS has not been established, since in both
cases only the activation of a ªgeneric º NF-kB bindingwas totally abolished in Tl-imd double mutants. In con-
clusion, we propose that natural infections with B. bassi- activity was investigated (Takeuchi et al., 1999). Yet,
distinct responses are likely to be elicited by differentana spores trigger Drosomycin expression exclusively
by the Tl-Dif-dependent pathway, whereas another pathogens (Underhill et al., 1999). In this respect, it is
striking that p50 knockout mice are highly susceptiblepathway, most likely the Relish-kenny-imd pathway, in-
duces, at least partially, Drosomycin expression in re- to infections by the pathogenic gram-positive Strepto-
coccus pneumoniae and not by the gram-negativesponse to gram-negative bacteria.
It has recently been shown that Relish is required for Haemophilus influenzae or E. coli K1, which raises the
possibility that p50 is the Rel protein mediating the re-the induction of most antimicrobial peptides in response
to a gram-negative immune challenge (Hedengren et al., sponse to gram-positive bacteria (Sha et al., 1995).
In Drosophila, mutants for all three individual Rel pro-1999). Specifically as regards Drosomycin, only 20% of
wild-type levels were induced in Relish null mutants 6 teins are now available (this study; Nusslein-Volhard et
al., 1980; Hedengren et al., 1999). Remarkably, the viabil-hr after a challenge with the gram-negative Enterobacter
cloacae. The data presented above are compatible with ity of these mutants is not impaired under normal condi-
tions. We and others have clearly shown that Dif playsthe hypothesis that expression of the Drosomycin gene
is controlled by a Relish-DIF heterodimer, which is also a critical role in mediating the antifungal response that
is activated through the Tl pathway in the adult. Strik-in keeping with some tissue culture experiments per-
formed with transfected S2 cells (Han and Ip, 1999). ingly, Dif does not seem to play a role in the humoral
immune response against gram-negative bacteria, asHowever, we do not exclude the possibility that Relish
mediates the gram-negative-induced, Dif-independent can be judged from the lack of effect of Dif mutations
on the inducibility of Drosocin, Diptericin, and Attacin, allcomponent of Drosomycin induction.
of which are essentially active on such bacteria. Studies
underway should reveal whether the three Rel proteinsDif and dl Are Redundant in Larvae but Not
are indeed complementary in mediating a humoral im-in Adults
mune response against diverse pathogens or whetherManfruelli et al. (1999) have recently demonstrated by
there is some degree of functional redundancy like thata clonal analysis of the TW119 deficiency that Dif and dl
observed between Dif and dl in larvae.are functionally redundant in the control of Drosomycin
inducibility in larvae. In contrast, Meng et al. (1999) ob-
served that Dif but not dl regulates the expression of Experimental Procedures
Drosomycin in adults. This latter result was obtained by
Fly Strainscomplementation with either a Dif or a dorsal transgene
Fly cultures were grown on standard medium at 258C. y w DD1;cnof the small J4 deficiency that removes both genes. The
bw flies were used as wild-type controls. They carry both pdipt-analysis of the Dif point mutants that we present in
LacZ and pdrom-GFP reporter transgenes on the X chromosome
this study resolves this paradox and shows that the (DD1) (Manfruelli et al., 1999). We also used an Oregon R stock.
regulation of Drosomycin expression in the adult fat cactA2, cactD13, Tl10b, spzrm7, Df(2R)TW119 (TW119), and imd mutant
lines are described in Flybase (http://flybase.harvard.edu:7081/).body differs from that in the larval fat body. The reasons
for this difference are at present unclear. We have of
course to keep in mind that larval and fat body cells Septic Injury and Survival Experiments
are not fully equivalent and have distinct developmental Septic injuries were performed at 208C by pricking adult or larvae
with a thin tungsten needle previously dipped into a concentratedorigins. One explanation for the difference in regulation
culture of the following pathogens: E. coli 1106, M. luteus (CIP:could be that larval and adult fat body cells produce
A270), and B. bassiana 80.2 spores.different levels of either DIF or DL. Another explanation
Survival experiments were carried out in the same conditions for
could relate to the presence or absence in larvae versus each genotype tested. Groups of 25 adult males or females, aged
adults of various cofactors required for full activation of 2±4 days, were challenged, grown at 298C, and transferred to fresh
response genes by DL or DIF (see for instance Stein et vials every 2 days. The flies that died within 3 hr (less than 5% of
the total) following the injury were not considered in the analysis.al., 1998; Petersen et al., 1999).
Rel Proteins and the Control of Innate Immunity Sequencing of the Wild-Type cn bw and Mutated Dif genes
Total RNA was isolated from 15 to 20 homozygous Dif1, Dif2, andin Insects and Mammals
cn bw flies using a TRIzol extraction protocol (GIBCO±BRL). RNAFive distinct Rel family members are present in mam-
samples (5 mg) were used as a template with specific oligonucleotidemals where they play a major role in the host defense
primers in the Dif gene for reverse transcription by the enhanced
by controlling the expression of such diverse immune- avian reverse transcriptase (Sigma) according to the manufacturer's
response molecules as immunoreceptors, cytokines, instructions. The reverse-transcribed product was then used as a
template for PCR amplification with adequate couples of specificadhesion molecules, and acute phase proteins (Ghosh
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oligonucleotide primers. PCR products were fractionated by electro- Fearon, D.T., and Locksley, R.M. (1996). The instructive role of innate
immunity in the acquired immune response. Science 272, 50±54.phoresis in 1% agarose gels and amplification products of 953 bp
and 1382 bp, corresponding respectively to the 59 end and 39 end Ferrandon, D., Jung, A.C., Criqui, M.C., Lemaitre, B., Uttenweiler-
of the Dif gene coding sequence, were purified using a QIAquick Joseph, S., Michaut, L., Reichhart, J.M., and Hoffmann, J.A. (1998).
gel extraction kit protocol (Qiagen). Both amplification products A drosomycin-GFP reporter transgene reveals a local immune re-
were sequenced on a CEQ 2000 sequencer (Beckman) or by Euro- sponse in Drosophila that is not dependent on the Toll pathway.
gentec (Seraing, Belgium). The Dif1 and Dif2 mutations were both EMBO J. 17, 1217±1227.
sequenced in two independent reverse-transcribed amplification
Gerondakis, S., Grossmann, M., Nakamura, Y., Pohl, T., and Gru-products, twice on one DNA strand and once on the complementary
mont, R. (1999). Genetic approaches in mice to understand Rel/NF-DNA strand in each case.
kB and I-kB function: transgenics and knockouts. Oncogene 18,
6888±6895.
RNA Preparation and Northern Blot Analysis
Ghosh, S., May, M.J., and Kopp, E.B. (1998). NF-kappa B and RelNorthern blot analysis was carried out as previously described in
proteins: evolutionarily conserved mediators of immune responses.Lemaitre et al. (1995) except that total RNA was prepared from 15
Annu. Rev. Immunol. 16, 225±260.to 20 flies using a TRIzol extraction protocol. Quantification was
Govind, S. (1999). Control of development and immunity by Relperformed with a BAS 2000 Bioimager (Fujix) and all results were
transcription factors in Drosophila. Oncogene 18, 6875±6887.standardized against the relevant RP49 signal. Drosomycin levels
were set at 100 in cn bw flies 48 hr after infection, whereas the 6 Han, Z.S., and Ip, Y.T. (1999). Interaction and specificity of Rel-
hr time point was chosen for the other antimicrobial genes. related proteins in regulating Drosophila immunity gene expression.
J. Biol. Chem. 274, 21355±21361.
Western Blot Analysis Hedengren, M., Asling, B., Dushay, M.S., Ando, I., Ekengren, S.,
Western blot analysis was performed as described (Levashina et Wihlborg, M., and Hultmark, D. (1999). Relish, a central factor in the
al., 1999) with a 1/20,000 dilution of a rabbit anti-DIF antibody raised control of humoral but not cellular immunity in Drosophila. Mol. Cell
against a GST-DIF C-terminal fusion protein. 4, 1±20.
Hoffmann, J.A., and Reichhart, J.-M. (1997). Drosophila immunity.
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